ABSTRACT Today, conventional power systems are evolving to smart grids, which encompass clusters of AC/DC microgrids, interfaced through power electronics converters. In such systems, increasing penetration of the power electronics-based distributed generations, energy storages, and modern loads provide a great opportunity for power quality control. In this paper, an overview of the power quality control of smart hybrid AC/DC microgrids is presented. Different types of power quality issues are studied first, with consideration of real-world hybrid microgrid examples, including data centers, electric railway systems, and electric vehicles charging stations. It shows that compared to traditional centralized power quality compensations, smart interfacing power converters from distributed generations, energy storages, and loads, and the AC and DC subgrids interfacing converters are promising candidates for power quality control. To realize the smart interfacing converters' power quality control, both primary converters control and secondary system coordination are required. In this paper, a thorough review of the primary control of interfacing converters to integrate the power quality compensation are presented, with a focus on the hybrid AC/DC microgrid harmonics compensation and unbalance compensation. For multiple interfacing converters, the secondary control with system-level coordination and optimization for harmonics and unbalance compensation (considering both unbalance and harmonics in single-phase and three-phase systems) are also presented. Challenges like low switching frequency of interfacing converters, parallel interfacing converters operation, and interfacing converters communications are discussed, and typical solutions for primary and secondary controls to deal with them are presented. The paper also includes rich case study results.
I. INTRODUCTION
Smart grids are emerging as next-generation of power systems, which contain interconnected clusters of microgrids. These microgrids encompass AC and DC subgrids, called hybrid microgrids. Such hybrid microgrids are power electronic-based autonomous systems in which most generations are distributed and usually from renewable resources [1] . As more power electronic converters from distributed generations, energy storage systems, loads etc. are used, new opportunities for power system control are emerging. Based on the Electric Power Research Institute (EPRI) and the Smart Electric Power Alliance (SEPA) reports, the smart power converters are introduced as a least-cost tool for supporting the grid and mitigating grid
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challenges [2] - [4] . The recent revisions of standards and grid codes (such as IEEE 1547 [5] , and California's Rule 21 [6] ), as well as communication protocols also encourage the use of smart power converters' functions. However, it should be considered that most of the converters are not utilityowned and operated resources. Thus, appropriate policies and markets are required to encourage more ancillary functions. For example, Arizona Public Service (APS) is working on the installation of smart power converters for about 1,500 home solar systems (about 10 megawatts in total). They devote $30 per month bill credit for participants for 20 years for turning over their inverters to real-time controls and utility data collection that can be used for ancillary services [2] , [4] .
In hybrid microgrids, increasing single-phase/unbalanced loads, non-linear loads, and single-phase/unbalance distributed generations leads to power quality challenges. For example, more efficient loads such as Compact Fluorescent Lamp (CFL), LED, adjustable speed drives (ASD) fridge, etc. produce high current harmonics in the residential distribution system, and it is expected that the residential system voltage THD reaches 5% soon in North America [7] . Although additional devices can be installed to address the power quality issues (for example, FACTS devices, filters, etc.), they increase total investment cost. Using the smart power converters for power quality management is a promising idea since most of them are not operating at full rating all the time due to the intermittent nature of renewable energy sources. Therefore, the available ratings of the converters can be smartly controlled to improve the power quality issues in addition to their power management targets.
In this paper, the smart hybrid AC/DC microgrids' power quality controls are reviewed. Different structures of the hybrid AC/DC microgrids are discussed first. Then, various power quality issues with consideration of real-world hybrid microgrid examples including data centers, electric railway systems, electric vehicles charging stations, and residential distribution systems are studied. In this paper, the smart interfacing converters (IFCs) from distributed generations, energy storages, loads, as well as the AC and DC subgrids interfacing converters are introduced as promising candidates for power quality control. The primary controls of interfacing power converters are thoroughly reviewed to integrate the power quality compensation capability, including harmonics compensation and unbalance compensation. Also, the secondary control with system-level coordination and optimization for harmonics and unbalance compensation in the single-phase and three-phase systems are studied. This paper also addresses some challenges of IFCs including low switching frequency, parallel operation, and communications, and the typical modifications for primary and secondary controls to deal with them are discussed. In this paper, comprehensive examples are provided to support the reviewed control strategies.
This paper is organized as follows. In Section II, structures of hybrid AC/DC microgrids and their power quality issues with real-world examples are provided. The interfacing converters' primary and secondary control strategies are addressed in Section III. In Section IV, unbalance compensation in hybrid AC/DC microgrids through smart interfacing converters is studied. The harmonic compensation in hybrid AC/DC microgrids by using interfacing converters is discussed in Section V. Finally, Section VI summarizes the discussions and lists conclusions and future trends.
II. HYBRID AC/DC MICROGRIDS AND POWER QUALITY ISSUES A. STRUCTURES OF HYBRID AC/DC MICROGRIDS
In general, structures of hybrid microgrids can be classified into AC-coupled, DC-coupled, and AC-DC-coupled microgrids [8] . In the AC-coupled microgrids, various distributed generations (DGs), storage elements (SEs) and loads are connected to the common AC bus/subgrid. This is the dominant structure now due to the simple installation and control of DGs/SEs. Also, the AC voltage/frequency control of AC-coupled microgrid is easier than other hybrid microgrids' structures, where DC subgrids are interacted with the AC subgrids. In this structure, the high-frequency AC bus is possible. In the DC-coupled structure, DGs, SEs and loads are connected to the common DC bus/subgrid, and the AC-DC buses/subgrids are connected through the interfacing converters. The DC-coupled microgrid features simple structure and does not need any synchronization when integrating different DGs. As a most promising future microgrid structure, the AC-DC-coupled microgrids contain DGs and SEs in both AC and DC buses/subgrid. A typical example of the AC-DC-coupled hybrid AC/DC microgrid is shown in Fig. 1 , which can be considered as a general form of the AC-coupled and DC-coupled hybrid microgrids. This structure requires more coordination between the DC and AC subgrids. More information about the hybrid microgrid structures and their control schemes can be found in [8] . As a few examples of grid-connected hybrid microgrids, data centers, electric vehicles (EVs) charging stations, and electric railway systems can be named. The structures of data centers are usually AC-coupled; however, research and implementation of the DC data centers have been already started (they have better performance compare to AC architecture in terms of reliability, efficiency, and power quality) [9] - [12] . The EVs charging stations have AC and DC structures [13] - [18] . However, due to the DC voltage required for charging EVs batteries, easier renewable energy integrations, and higher efficiency and better power quality, DC structure is more promising. The electric railway system is another example of the hybrid microgrid that has DC and AC structures [19] - [21] . 
B. POWER QUALITY ISSUES IN HYBRID MICROGRIDS
The power quality issues are becoming urgent for future hybrid microgrids due to increasing penetration of singlephase/unbalance loads, non-linear loads, and single-phase/ unbalance distributed generations. In general, the power quality issues in the DC subgrid can be voltage variations and harmonics. In the AC subgrid, voltage variations, unbalances, and harmonics are major power quality concerns.
To improve such power quality issues, additional compensation devices can be installed. For example, the AC-side three-phase unbalance condition can be compensated by installing power electronics-based equipment such as a unified power quality conditioner (UPQC), static synchronous compensators (STATCOM), etc. As another example, the harmonics in the AC subgrid can be mitigated by using passive power filters (PPFs) and active power filters (APFs), and the DC-side harmonics and variations can be easily filtered by installed large capacitors and tuned filters. In following, a few examples of the power quality issues in the real-world hybrid microgrids are discussed, and the compensation techniques are provided.
Data Center: Based on EPRI report, data centers will consume 20% electricity in the United States by 2030, and power quality issues are very important concern in such systems (in the United States, poor power quality and unreliable power supply of data centers can result in millions of dollar loss annually) [22] . In the AC data centers, voltage sags and momentary interruptions, as well as harmonics, are the power quality issues [22] - [24] . Since the availability of the data centers is critical, UPS and backup generator are used to deal with voltage sags and momentary interruptions [22] . However, the main power quality concern is harmonics [22] - [24] , which are produced by UPSs, power converters (e.g. rectifiers), variable speed drives, fluorescent lights, transformer inrush current, battery chargers, non-PFC electronic loads, etc. in data centers. As an example, the measured current harmonics at the grid-connected point in the Libyan Telecom Technology (LTT) headquarter and data center showed the presence of low-order current harmonics including 3 rd , 5 th , 7 th , and 9 th with the values of 7%, 16%, 11%, and 3% of the fundamental current [25] . The harmonics in AC data centers can be compensated using filters (active, passive, series/parallel resonant filter, etc.) and power conditioners [22] - [24] . In DC data centers, voltage ripples and harmonics are power quality issues, caused by AC system unbalance voltage or/and DC side components. The power quality issues have not been studied in detail for DC data centers yet.
Electric Vehicles (EVs) Charging Stations: The power quality issues in charging stations are voltage fluctuations, harmonics, and unbalances as well as current harmonics (main issue for now). As an example, the monthly measured total harmonic distortion (THD) of voltage in the EV charging station in Taiwan showed that the THD is higher than 1.5% in some days [26] . In general, the power quality issues mainly depend on the structure of stations. For example, in the onboard charger, where power factor correction (PFC) and pulse width modulation (PWM) control techniques are used, the generated harmonics are small [26] . However, in the presence of 12-pulse diode rectifier in DC stations, low order harmonics are produced [27] . The power quality issues in the EV charging stations can be compensated by using active power filters, PWM rectifiers, and power factor correction (PFC) stages [28] - [34] . It should be mentioned that the power quality control in the EVs' charging station is quite new topics and more study should be done in this field.
Electric Railway Systems:The common power quality issues in the railway systems are three-phase unbalance voltage (AC railway systems are usually single-phase), voltage fluctuation, resonance (PWM control of converters may create resonance with railway power systems), and harmonics [19] - [21] , [35] , [36] . In practice, to solve the power quality issues in the railway systems, FACTS devices are installed [21] , [37] - [40] . For example, ABB has a demonstration AC railway system that the STATCOM can reduce its unbalanced voltage from 3% to 1% [21] .
Residential distribution system: Although the three-phase unbalance voltage due to the presence of single-phase/ unbalance loads and distributed generations is an important power quality concern, the current harmonics in such systems are also increasing rapidly. In detail, increasing more-efficient loads such as CFL, LED, ASD fridge, highefficiency washer, etc. in residential distribution microgrids produce high harmonics due to their non-linear characteristics [7] . For example, the CFL produces 3 rd , 5 th , and 7 th -order current harmonics with the value of 87%, 60%, and 47% of the fundamental harmonic, and the values of those harmonics in LED are 73%, 26%, and 27% of the fundamental current [7] . In the residential distribution system, FACTS devices and filters are commonly installed for the unbalanced voltage and harmonics compensations.
Considering the aforementioned discussions, the traditional centralized compensation methods can be used to mitigate power quality issues. However, installing additional equipment increases the total investment cost. Also, the centralized power quality compensation does not work well since sources of power quality issues are widely distributed in the microgrids. Due to increasing penetration of smart interfacing converters (IFCs) from distributed generations (DGs), storage elements (SEs), loads, and DC-AC subgrids interfacing converters in the hybrid AC/DC microgrids, they can be great candidates to help address the power quality issues in addition to their power management targets. This idea is promising since most of them are not operating at their full rating all the time due to renewable energy intermittent nature. So, available ratings are used to improve the power quality issues. In this paper, important power quality issues in the hybrid AC/DC microgrids including harmonics in DC side and unbalance condition and harmonics in the AC side as well as their interactions are discussed in detail. 
III. INTERFACING CONVERTERS CONTROL

A. PRIMARY CONTROL OF INTERFACING CONVERTERS
In general, the interfacing converter's bi-directional power control can be realized either by the current control method (CCM) or voltage control method (VCM) [41] , [42] . In Fig. 2(a) , the DC-AC IFC control with CCM is shown. As seen from the figure, in the CCM, the d-axis and q-axis reference currents are produced by active and reactive power controllers, respectively. It should be noted that the active and reactive powers references can be achieved from outer supervisory control layer (e.g. power management scheme). Also, the d-axis reference current can be generated by dc-link voltage control, especially in two-stage interfacing converters (DC-DC and DC-AC converters where active power is controlled by DC-DC converter). In general, the CCM-based IFC control is mainly used in the grid-connected operation mode where the AC bus frequency and voltage are determined by other power sources or the gird.
In the VCM-based control strategy, the output voltage of IFC is controlled to regulate the output active and reactive powers (IFC behaves like a synchronous generator). The VCM control strategy is shown in Fig. 2(b) . Considering that the linking impedance of IFC is mainly inductive (in VCM, a linking impedance (physical or virtual) is necessary between the converter and grid) and the phase angle between IFC voltage and the AC bus voltage vectors are typically small, the active power flow of IFC is controlled by the AC voltage frequency and the reactive power flow is controlled by the AC voltage magnitude. This control strategy can be used in both grid-connected and islanded modes. The active and reactive power controllers are usually proportional controllers (k p and k q ) for realizing P-f and Q-V droop control [43] , [44] . The more complex controller can also be used here to closely mimic the dynamics of a synchronous generator with excitation and torque [45] , [46] .
It should be highlighted that with the generated reference current/voltage from the two control methods in Fig. 2 , the IFC output current/voltage can then be controlled in the synchronous dq frame or in the stationary αβ frame (e.g. here CCM-based IFC controller is in synchronous dq frame).
B. SUPERVISORY CONTROL OF INTERFACING CONVERTERS
In the smart hybrid microgrids, the interfacing converters are communicated with supervisory control center (SCC). The SCC receives data from the IFCs and from power system measurement devices and makes decisions based on defined objectives. Then, the decision signals are sent to all the IFCs local controllers (where the primary control of IFCs are running). In general, the supervisory control can be separated into secondary and tertiary controls [47] . The objectives of secondary control include system frequency restoration, unbalanced voltage compensation, harmonic compensation, etc. The tertiary control is usually used to determine the operating point of each power sources (real and reactive powers), and usually, the optimization problem is run to achieve a global optimum. The structures of the supervisory control of IFCs can be categorized as centralized, distributed, and master-slave, which are presented in Fig. 3 . In a centralized structure, all the IFCs communicate with one SCC, and the central SCC makes decisions based on the objectives and constraints. Since all system data are gathered in one center, the global optimal operating point can be achieved. However, heavy computation burden and communication failure possibility (may cause overall shut down in the system) are challenges of this structure. In distributed structure, groups of IFCs communicate with their SCCs, and the SCCs communicate with each other. This structure is useful for clustered interconnected microgrids and multi-agent control strategies. In the distributed structure, the computation burden of each SCC is reduced, and the redundancy and modularity of the system are increased. Also, failure in the communication link will not affect the entire system. The master-slave structure is popular for the IFCs close to each other, where the local controller of one of IFCs acts as the SCC. In this structure, all the IFCs communicate with each other. It should be mentioned that in some cases the primary and supervisory controllers are run in the local controllers of interfacing converters (e.g. individual three-phase IFCs control for unbalanced condition compensation, which will be discussed later). Various examples of supervisory control of IFCs will be provided in Section IV and Section V. 
IV. UNBALANCE COMPENSATION IN HYBRID AC/DC MICROGRIDS THROUGH SMART INTERFACING CONVERTERS
In general, the unbalance condition is caused by the ever-increasing unbalanced distribution of single-phase/ unbalanced loads, single-phase/unbalanced distributed generations, and remote grid faults. Based on American National Standards Institute (ANSI) and IEEE standard, the unbalanced voltage level should be less than 3%, and it should be less than 2% in the International Electrotechnical Commission (IEC) standard [36] , [48] , [49] .
The unbalanced voltage has adverse effects on the power system and equipment including electrical machine overheating, transformer overloading, capacity limitation of power electronics devices, more losses and less stability of power system, negative impacts on induction motors and adjustable speed drives [36] , [50] , [51] . In addition, the unbalanced voltage introduces adverse effects on the power electronic interfacing converters. The peak current increase in the same power production of IFC and double-frequency power oscillations at the output of three-phase power converters, which are reflected as a ripple in the DC link voltage, are the adverse effects of the unbalance voltage on IFCs' operation. These adverse effects may lead to instability or system protection if the DC bus voltage exceeds the maximum limit, affect DC converters and loads in the DC subgrid, and may result in over-current protection.
In general, the unbalanced voltage can be compensated using power electronics-based equipment including series active power filter by injecting negative sequence voltage [52] , [53] , shunt active power filter by injecting negative sequence current [54] , [55] , series-parallel compensators such as unified power quality conditioner (UPQC) by injecting negative sequence voltage with series converter and negative sequence current with parallel converter [56] , and static synchronous compensators (STATCOM) by injecting positive and negative sequence reactive powers [50] , [57] , [58] . Moreover, passive devices such as shunt capacitor can also be used for unbalanced voltage compensation [59] , [60] .
However, as mentioned, the power electronics interfacing converters in the hybrid AC/DC microgrids can provide better unbalance compensation in terms of cost and effectiveness. Such interfacing converters can be three-phase and singlephase converters. In following, control strategies of the IFCs under unbalance voltage are reviewed in detail.
A. CONTROL OF INDIVIDUAL THREE-PHASE IFCS UNDER UNBALANCE VOLTAGE
The three-phase IFCs are used to connect DGs/SEs to the AC subgrid as well as to interlink DC and AC subgrids. The individual three-phase IFCs has two main control options under unbalance condition:
• Active compensation of the PCC unbalanced voltage:
In this control strategy, the level of unbalance compensation can be controlled directly, while the adverse effects may or may not be controlled. Thus, this control method can be classified as: Adjustable compensation of unbalanced voltage and adverse effects control: The IFC's output active power oscillation and/or its peak current are controlled directly as well. In [61] - [63] , the unbalanced voltage compensation has been considered together with IFC peak current control while IFC output active power oscillation control has been considered in [64] . In [65] , both the active power oscillation and peak current control in addition to adjustable unbalance compensation has been addressed.
Adjustable compensation of unbalanced voltage without direct control of adverse effects:
The IFC's output active power oscillation and/or its peak current are not controlled directly, which can provide more reduction of unbalance condition. In [65] - [69] , the adjustable unbalance compensation without adverse effects consideration is discussed. For example, in [65] , the minimization of the PCC unbalanced voltage is addressed without IFC's power oscillation consideration.
• Control of unbalance voltage adverse effects on IFC operation: In this control strategy, the PCC unbalanced voltage compensation level is not controlled directly. This control strategy only focuses on the operation of IFCs under unbalance condition and protects IFC from the adverse effects by canceling out output power oscillations [70] - [72] and controlling output peak current [61] , [73] . In both control options, the IFC is modeled as a virtual negative sequence impedance Z − in the negative sequence circuit, and it is controlled to achieve the control objectives. In details, the virtual negative sequence impedance can be controlled to be much smaller than the grid impedance, directing unbalance source negative current to flow into the IFC side and leading to an improved PCC voltage. However, how the control of IFC virtual negative sequence impedance can minimize the IFC's output active power oscillation and effectively reduce the negative sequence voltage of PCC are addressed in the two control strategies. Based on the desired objective, the IFC's virtual impedance is usually determined in the secondary controller. Then, the impedances are used to update the reference current of IFC in the primary controller for unbalance condition compensation. The primary control of IFC is usually CCM. In Fig. 4 , a typical individual three-phase IFC with control block diagram under unbalance voltage is shown. In this figure, the primary and secondary controllers are run in the local controller of the IFC.
Control Strategy Example of Three-Phase IFC for Adjustable Compensation of PCC Unbalance Voltage with IFC Active Power Oscillation Minimization
In this example, it is assumed that three-phase IFC is connected to the AC subgrid at the PCC. To adjustably compensate for the unbalanced voltage and control IFC's output power oscillation, both IFC's positive and negative sequences current should be controlled. In this example [65] , the reference current in (1) (1), i * is the IFC's reference current, the v + and v − are positive and negative sequence vector components of the three-phase PCC voltage vector, the i + p and i − p are the positive and negative sequence components of the active reference current, and the i + q and i − q are positive and negative sequence components of the reactive reference current.
From (1), the sequential model of the system can be achieved as in Fig. 5 [65] (three-phase three-wire system, which doesn't have a zero sequence component). To adjustably compensate for the unbalanced voltage (negative sequence voltage control), the IFC's negative sequence current amplitude is controlled, which can be achieved 52300 VOLUME 7, 2019 from (1) 
where i * − is the IFC's negative sequence reference current and Z − is virtual negative sequence impedance. Also, the IFC's output active power oscillations at the PCC can be achieved from (1), and the following objective function is defined to minimize it:
Thus, the objective function in (3) is minimized subjected to the constraint in (2) using the Lagrangian method [65] . From this method, k 1 and k 2 are calculated analytically as a function of the system operating point, and they can be easily updated in a digital controller on-line (see Fig. 4 ). The performance of the control strategy under different power factors of IFC in the inductive grid is verified, and the results are shown in Fig. 6 . In the results, before applying the control method to the three-phase IFC, k 1 = k 2 = 1, where just positive sequence active and reactive currents are injected to the grid without any compensation (see (1)). After applying the control method, the negative sequence voltage is reduced (unbalanced voltage is compensated), and the active power oscillation is minimized in that operating point.
B. CONTROL OF PARALLEL THREE-PHASE IFCS UNDER UNBALANCED VOLTAGE
In some research, the parallel IFCs are referred to converters without a common DC link connected to the same AC subgrid. In such systems, the control strategies are focusing on unbalanced voltage compensation without considering its adverse effects on IFCs operation [51] , [74] - [78] . In case that output power/current of DGs/SEs connected to the AC subgrid are high, parallel IFCs with common DC link are used. Also, the parallel IFCs are used to interlink AC and DC subgrids where high power/current is planned to be exchanged or high reliability is required. In the parallel IFCs with common DC link, adverse effects of unbalanced voltage on the IFCs operation are aggregated (IFCs' active power oscillation ( P), DC link ripples, and peak current increase could be amplified). However, if controlled properly, individual IFC's adverse effects might cancel out each other. To improve both the AC and DC subgrids power quality, active power oscillation cancellation with peak current control are desirable [79] - [81] . The control strategies are classified into two groups:
• One dedicated IFC focusing on P cancellation: One interfacing converter, named as redundant IFC, cancels out active power oscillations of the other IFCs (the redundant IFC produces 180-degree out-of-phase active power oscillation compare to the other IFCs), while all IFCs peak currents are also controlled not to exceed their rating limits [79] , [80] .
• All IFCs participate in P cancellation according to their power ratings: The collective active power oscillations cancellation is shared among IFCs based on their available power ratings [81] . Similar to the first control option, peak currents of all IFCs are controlled not to exceed their rating limits.
Based on the desired objective, appropriate signals are generated in the supervisory control center (SCC). Then, the produced parameters are sent to primary controllers of IFCs to update reference currents (the primary controller of IFCs are usually CCM). For closely located IFCs, a local controller of one of IFC can be used as SCC (master-slave structure of SCC, see Fig. 3 ). In Fig. 7 , the parallel IFCs with control block diagram under unbalanced voltage are shown. In this figure, it is assumed that the supervisory control center has a centralized structure.
Control Strategy Example of Parallel Three-Phase IFCs with all IFCs Participate in P Cancellation
In this example, it is assumed that the parallel IFCs with common DC link connects the AC and DC subgrids, as shown in Fig. 7 . In this control strategy [81] , all parallel IFCs, which are operated under unity power factor (PF), are participating in active power oscillations cancellation to provide an oscillation-free DC link. Also, the collective peak current of n-parallel IFCs (it is a constant value under P = 0 and fixed average active and reactive powers) is shared among IFCs according to their ratings. This control strategy also maximizes power/current transferring capability of IFCs by minimizing the peak current of each IFC.
To easily control the adverse effects of unbalance voltage on IFCs' operation, i th -IFC's reference current under unity PF operation is considered as in (4) [81]- [83] .
where i * +
Pi and i * −
Pi are positive and negative sequence components of i th -IFC's reference current vector under unity PF operation, k pi is the scalar coefficient which is defined to cancel out active power oscillation of the IFCs, P ref i is the average output active power of i th -IFC, and v + and v − are positive and negative sequence vector components of the three-phase PCC voltage vector. From (4), the i th -IFC's instantaneous output active power can be achieved as follows (three-phase, three wire power systems):
where p i is the instantaneous output active power of the i th -IFC, P + refi and P − refi are the positive and negative sequences of i th -IFC's average active power, and P i is the oscillating output active power of i th -IFC. Considering (5), k pi = −1 results in i th -IFC's active power oscillation cancellation, which provides a much easier way compared to (3) . From (5), to cancel out collective active power oscillation of n-parallel IFCs, following constraint should be satisfied [79] :
Considering (4) and (6), the collective reference current vector of n-parallel IFCs under unity PF operation with zero collective active power oscillations ( P = 0) is obtained as:
From (7), under P = 0, the current is independent from k pi and is affected by -If all individual IFCs' peak currents are kept in the same phase as the collective peak current, their amplitudes' summation will be reduced. -If all individual IFCs' peak currents are kept in the same phase and in-phase with collective peak current, their amplitudes' summation will be minimized (provides maximum power/current transferring capability). As an example, assume that the collective peak current of n-parallel IFCs is in the phase c (among three phases a, b, and c). If all individual IFCs' peak currents are kept in the phase c, the summation of their amplitudes will be reduced. Also, if all individual IFCs' peak currents are kept in the phase c and in-phase with collective peak current (in-phase peak current vectors), their amplitudes' summation will be minimized. More information about the peak currents of parallel IFCs can be found in [81] .
Considering i th -IFC's reference current of (4), it can be proven that if k pi < 0;i= 1, . . . ,n, all individual IFCs' peak currents would be in the same phase with the collective peak current of parallel IFCs [79] , [81] . Also, the difference between phase angles of individual i th -IFC peak current and n-parallel IFCs collective peak current under P = 0 in unity PF operation is small enough, and they can be considered in-phase with a good approximation. Thus, all individual IFCs peak currents are in the same phase and approximately in-phase with the collective peak current of parallel IFCs under unity PF if k pi < 0;i= 1, . . . ,n.
In this control example, the following expressions are solved to calculate the k pi of all IFCs, where I max pi is peak current of i th -IFC, obtained from (4), and U i and S i are sharing factor and power rating of i th -IFC [81] :
In this control strategy, (8) provides zero collective active power oscillation (see (6) ), (9) and (10) guarantee collective peak current sharing of IFCs based on their ratings, and (11) maximizes power/current transferring capability of IFCs. This set of equations should be solved in the supervisory control center to achieve the k pi of all IFCs.
The performance of this control strategy is verified, and the results are provided in Fig. 8 (3-parallel IFCs are tested). After applying the unbalance condition at t = 0.3s, first, zero active power oscillations of IFCs are provided by setting the k p1 = k p2 = k p3 = −1. Since the parallel IFCs' collective peak current is not shared between them based on their power ratings, this control method is applied. Considering the results, it is clear that all IFCs peak currents are kept in the same phase with the collective peak current of parallel IFCs to maximize power transferring capability (k pi ≤ 0), the collective peak current is shared among parallel IFCs based on their power ratings (S 1 = 9 kVA, S 2 = 4kVA, S 3 = 10kVA), and collective active power oscillation is zero.
C. CONTROL OF SINGLE-PHASE IFCS UNDER UNBALANCE VOLTAGE
In the hybrid microgrids, single-phase IFCs are used to connect single-phase DGs/SEs to AC subgrid or to interlink DC subgrids and single-phase AC subgrids. Due to the high penetration level of such IFCs, they can be coordinated for unbalancing condition compensation of three-phase AC subgrids. There are two control options for active compensation of unbalance condition:
• IFCs active and reactive powers control for unbalance compensation: The single-phase IFCs' output active and reactive powers are controlled to adjustably compensate for the unbalanced condition [84] - [87] .
• IFCs reactive powers control for unbalance compensation: Reactive powers of single-phase IFCs are controlled for adjustable compensation of unbalance condition, and the active powers of IFCs are controlled for power management purposes [84] , [88] . In both aforementioned control options, the supervisory control center (SCC) provides the reference average powers to the primary controllers of the IFCs. The primary controller updates the reference currents of IFCs for VOLUME 7, 2019 compensation purposes. It should be mentioned that the SCC usually has a centralized structure, and the primary controller of IFC is CMM. In Fig. 9 , a typical example of single-phase IFCs connected to the AC subgrid is shown.
Control Strategy Example of Single-Phase IFCs for Unbalance Compensation of Three-phase AC Subgrid using Reactive Powers of IFCs
In this example [84] , a power system similar to Fig. 9 is considered, where the total reference current of phase-x at the PCC from single-phase perspective could be defined as:
where i PCC x is the total reference current of PCC in phase-x, i PCC xp is an active current of PCC in phase-x, i PCC xq is a reactive current of PCC in phase-x, v PCC x is the three-phase PCC voltage vector, v PCC x ⊥ lags v PCC x by 90
• , and P PCC,x and Q PCC,x are the average active and reactive powers of PCC in phase-x. The active and reactive currents generate the active and reactive powers in three phases, respectively. From (12), the negative and zero sequence models of the system seen from the PCC can be achieved (since it is a 4-wire power system, zero sequence components will not be zero), which are shown in Fig. 10 Fig. 10 , the objective function for compensation of negative and zero sequences currents can be achieved, as provided in (13) . Since the reactive powers in three phases are control variables in both negative and zero sequences currents compensations, controllable weighting factors (k − and k 0 ) are defined for flexible compensation of negative and zero sequences current and keeping them in their desired level. For example, when k − = 1(k 0 = 0), three variables Q PCC,a , Q PCC,b , and Q PCC,c are controlled to minimize the negative sequence current; otherwise k − = 0(k 0 = 1) leads to minimization of zero sequence current. In case that k − = 1 and k 0 = 1, both negative and zero sequences current are compensated in which their compensation levels 52304 VOLUME 7, 2019 FIGURE 11. Performance of negative sequence current compensation (k − = 1; k 0 = 0) using single-phase IFCs; (a) reference reactive power in phase-c at the PCC and its boundary limits, (b) negative sequence current at the PCC, and (c) negative sequence voltage at the PCC [84] . are determined by k − and k 0 .
In (13), the F 1 and F 2 are three-variables quadratic objective functions for compensation of negative and zero sequences current, respectively [84] .
In this optimization problem, two constraints are considered: three-phase voltage restriction between upper and lower limits [89] , [90] , and available power rating limits of IFCs for compensation purposes. The developed optimization problem is minimized using the KKT method, in which systems of 3 linear equations with 3 variables are obtained. Owing to their simplicity, the equations can be solved online easily, and reference reactive power in each phase at the PCC can be achieved. Then, the reference reactive power at each phase is shared among the IFCs in that phase considering their available ratings.
This control strategy is applied to IEEE 13-node test system [91] , in which seven single-phase DGs are integrated into different buses, and they are used to compensate for the negative sequence current at the PCC (k − = 1 and k 0 = 0). The results are shown in Fig. 11 . As seen from the results, after applying the control strategy at t = 0.2, the negative sequence current is reduced from 173A to 13A, and the negative sequence voltage at the PCC is reduced from 71V to 5V .
In Table 1 , presented control strategies of IFCs for unbalanced condition compensation in Section IV, as well as their strengths and challenges, are summarized.
V. HARMONIC COMPENSATION IN HYBRID AC/DC MICROGRIDS THROUGH INTERFACING CONVERTERS
In both DC and AC subgrids, the presence of nonlinear loads and the switching mode power converters make the harmonic VOLUME 7, 2019 pollution a significant concern. These harmonics, particularly the low-order harmonics, can cause extra losses, interferences to the grid-connected apparatus, and even resonances in the microgrid [7] , [92] - [94] . To mitigate the harmful harmonics, both passive power filters (PPFs) and active power filters (APFs) can be used to provide low-impedance paths for harmonics, improving the power quality of the other nodes in the microgrid. However, installing dedicated filters (passive or active) require extra cost, and they are not that effective since the harmonics' sources are widely distributed.
Thanks to the development of IFCs' control strategies, the harmonic compensation has been added as ancillary functions to the interfacing converters in both AC and DC subgrids. Thus, the harmonics can be mitigated in both AC and DC subgrids in a distributed manner without extra cost. 
A. CONTROL OF IFCS FOR HARMONIC COMPENSATION IN AC SUBGRID
The AC subgrid voltage distortion is mainly caused by the nonlinear loads, particularly in a weak grid. As can be seen from Fig. 12 , the nonlinear loads inject harmonic current into the system, and the PCC voltage will be distorted when the harmonic current flows through the high impedance of the grid. If the nonlinear loads current can be absorbed by the IFC, the voltage distortion can be mitigated. This requires the IFC to decrease the output impedance at the harmonic orders, which can be done by increasing the loop gain of the IFC's controller. The most popular way is adopting specific controllers such as resonant controllers, repetitive controllers, and deadbeat controllers in the feedback loops.
• Resonant Controller (RSC): The RSC has theoretically infinite gain at the resonant frequency [95] . Simply setting the resonant frequency at the harmonic orders and connecting multiple RSCs in parallel can realize selective harmonic control [96] . The control gains of each harmonic control branch can be flexibly tuned. However, the computation burden and design complexity can be very high when a wide range of odd-order harmonics are required to be mitigated. Also, the phase margin of the system becomes small when multiple RSC is applied [97] - [99] . To reduce the number of RSCs required for harmonic control, the RSCs can be applied in the synchronous frame. In this case, for example, 6 th order RSC can be used to control 5 th and 7 th order harmonics. As a result, the number of required RSCs can be halved [100] , [101] . Another challenge is the grid frequency variation [98] , [99] , particularly in the weak grid or islanded microgrids. To resist the frequency variation, the RSC can be improved by adaptive resonant frequency [102] or adding damping term to the denominator of the RSC [102] , [103] , expanding frequency range that provides high loop gain.
• Repetitive Controller (RC): The RCs, featuring simple structures, can introduce multiple resonance peaks at integer times of the center frequency in the spectrum, which enable the mitigation of wide-range of harmonics at the integer orders; odd orders [104] , [105] , or even selected orders [106] - [109] . Compared to RSC, the RC requires more memory to store delayed signals, but much less calculation time, which is quantized in [110] . The delay embedded in the controller degrades the transient performance. Moreover, it is difficult to define different loop gains at different harmonic orders, which is important to reshape harmonic impedances for harmonic sharing or stability enhancement. Similar to the RSC, the tracking error of RC is also inevitably affected by the frequency deviation, requiring frequency adoption manners [111] - [114] .
• Deadbeat (DB) Controller: The DB controllers can achieve fast transient and wide-range harmonics control with no special request on calculation capacity or memory. In addition to the harmonics at specific orders, the inter-harmonics can also be controlled. However, the complexity of the DB controller in high-order systems can be a demerit, such as IFCs with LCL filters. In addition, the tracking error is influenced by the variation of system parameters, system delay, dead time, and the error between the stepwise sampling results in digital controllers and the actual continuous system outputs. To address these challenges, different researches have been done to reduce complexity [115] , reduce system delay and sampling error [116] , compensate the deadtime [117] , avoid model mismatch [118] - [121] , to name a few. These aforementioned controllers can be selected according to the requirement of the harmonic control. These controllers can be implemented in three different control methods of the IFCs: current control method (CCM), voltage control method (VCM), and hybrid control method (HCM). In following, these control options in accompany with implementation examples are explained.
1) HARMONICS COMPENSATION WITH CURRENT CONTROL METHOD (CCM)
The interfacing converter with CCM has high impedance at the fundamental frequency as the converter behaves like a current source (see Fig. 2 ), and it is convenient to add harmonic controllers to mitigate harmonics [122] - [126] . With the harmonic controllers, the current reference is generated according to the control targets. In general, there are two control targets:
• Reject current harmonics at the output of IFC:
A pure sinusoidal current reference will be applied to the harmonic controllers to eliminate IFC's output current harmonics [125] - [127] .
• Compensate PCC voltage harmonics: The IFC should be controlled as a shunt active power filter to absorb current harmonics [122] - [124] , [128] . In Fig. 13 , a typical individual IFC's control block diagram with CCM harmonic compensation is shown.
Control Strategy Example of IFC for Harmonics Compensation of PCC Voltage with CCM
In this example [124] , the IFC connected to the AC subgrid at the PCC is used to compensate harmonics with CCM. As seen in Fig. 13 , the fundamental current reference i * f in CCM is derived by the output power control while the harmonic current reference i * h is calculated by the PCC voltage harmonics v h and a virtual resistor R h . Then, the current reference i * can be obtained as follows:
In (14), the virtual resistor R h is the output impedance of the IFC at the harmonic orders. Thus, the harmonic currents of the nonlinear loads are absorbed by the IFC to compensate for the PCC voltage harmonics. With RSC, RC, or DB controllers applied as the current controller, the harmonic compensation reference can be executed. The performance of the control strategy is shown in the results of Fig. 14 , in which the PCC voltage is significantly improved with the CCM-based harmonic control.
Compared to directing the load harmonic current to the current reference and absorbing all the harmonic current of the nonlinear load (R h = 0), the aforementioned control strategy can flexibly define the harmonic compensation efforts according to the IFC available power rating. This also enables harmonic current sharing among multiple IFCs by tuning R h .
2) HARMONICS COMPENSATION WITH VOLTAGE CONTROL METHOD (VCM)
In the VCM-based method (see Fig. 2 ), the harmonic sharing and compensation can be obtained in the isolated operation mode [130] - [132] , in the grid-connected operation mode [129] , [133] , [134] , and in the unified control under both grid-connected and islanded conditions [135] - [137] . Another advantage of VCM-based harmonic compensation is the ability to follow given voltage amplitude and frequency references from droop controller [130] , [138] or virtual synchronous generator controller [139] - [141] .
Generally, an RSC, RC, or DB controller can be used as the voltage controller to directly regulate the IFC output voltage. To obtain better dynamics, an inner current loop which regulates the inverter-side current can be added. However, as the grid-side current is not controlled in VCM, it is sensitive to PCC voltage disturbances. A typical individual IFC's control block diagram with voltage control method harmonic compensation is shown in Fig. 15 .
Control Strategy Example of IFC for Harmonics Compensation of PCC Voltage with VCM
In this example [129] , the PCC voltage harmonics are feedforwarded to the voltage control reference with a gain G, similar to Fig. 15 . The equivalent harmonic impedance Z IFC e q at the converter side can be expressed as:
where the Z IFC is the original impedance without harmonic compensation and the G is feed-forward gain. When the feedforward gain G is positive, the harmonic can be absorbed by the IFC (nonlinear load currents will flow to converter), while a negative gain G will lead the nonlinear load current to the grid side due to the large impedance of IFC, enforcing sinusoidal output current, like [142] . The performance of this control strategy is evaluated, and the results under different feed-forward gains are shown in Fig. 16 . As expected, the PCC voltage harmonics are reduced when the positive feedforward gain is applied, while a negative gain (G = −1) increases the harmonic impedance and improves the IFC output current quality.
In general, when the VCM-based harmonic compensation is applied, the IFC works as an L-APF (an active power filter (APF) with pure inductive output impedance) as the IFC impedance and the grid impedance are mainly inductive at harmonic frequencies. However, it is possible to control the IFC to be an R-APF (an APF with pure resistive output impedance) because G can be a real, imaginary or complex number [143] .
3) HARMONICS COMPENSATION WITH HYBRID CONTROL METHOD (HCM)
Compare to VCM and CCM, the HCM can simultaneously control the IFC's output voltage and current as the parallel control structure is used [144] , [145] . In general, in VCM and CCM-based harmonic compensation, the converter-side inductor current control with a proportional controller is employed as the inner loop, and the outer voltage or current control loop (assuming LCL filter; to control capacitor voltage or grid-side current) usually uses multiple RSCs (with different resonant frequency) in parallel to control the harmonics (see Fig. 13 and Fig. 15) . However, the HCM transforms the cascaded structure of a double-loop controller in CCM and VCM-based harmonic compensation into a singleloop parallel structure. In detail, there are two independent control branches in parallel in the HCM: closed-loop control of IFC's output voltage (filter capacitor voltage) and closed-loop control of current. In Fig. 17 , a typical harmonics compensation with HCM is shown. It is worth to note that the decoupling between the harmonic current branch and the fundamental voltage control branch can be achieved if the bandwidths of the control branches are properly designed. In HCM, the harmonic current can be controlled to achieve different objectives:
• Compensate the PCC voltage harmonics: If the current control reference is selected as -
where R V is the virtual resistance and H D (s) is the bandpass filter to extract the harmonics, the PCC voltage can be improved (see Fig. 17 ). The IFC works as a R-APF in this mode.
• Reject the current harmonics: The control target can also be set to reject the current harmonics. The harmonic current reference should be set to zero in this mode.
• Compensate the local load's current harmonics: If the current reference is selected as the current of local loads, the extracted harmonic components from local loads current can be directly used for the harmonic controller.
This way, the microgrid injection current i mig and PCC voltage v can be improved.
B. CONTROL OF LOW-SWITCHING IFCS FOR HARMONIC COMPENSATION IN AC SUBGRID
Typically, the interfacing converters for harmonic control usually have a switching frequency higher than 10KHz. However, in the high-power IFCs (≥500kW), low-switching frequency (<3KHz) is employed to reduce power loss. In such IFCs, the harmonic control performance is significantly affected by the control delay and low sampling rate, and the harmonic compensation is limited to low-order harmonics, such as 5 th , 7 th order harmonics. Therefore, it is preferable to perform the harmonic control with simple control structure instead of multiple-loop control. Also, the sampling rate can be increased while keeping low-switching frequency, requiring new sampling approaches to replace the well-accepted regular sampling method.
In the control system of low-switching IFCs, the abovementioned VCM and CCM can only be applied for harmonic compensation when the inner current/voltage control loop employs controllers with fast transient and wide bandwidth, such as deadbeat (DB) control. Otherwise, HCM is more effective as the harmonics can be directly regulated, instead of feeding to cascaded inner control loops, which may degrade the transient performance and stability.
In addition to the feedback harmonic control strategies (CCM, VCM, and HCM), feed-forward paths aiming at harmonic mitigation can also be employed in low-switching IFCs. It is well known that adding a full feed-forward path of PCC voltage can help the IFCs resist the interference of the distorted PCC voltage and perform harmonic rejection [146] . In addition, more flexible harmonic control can be obtained by feed-forwarding PCC voltage or grid-side current to reshape the IFC output impedance, which enables flexible harmonic current rejection [147] - [150] and voltage harmonic compensation [150] . To achieve accurate impedance reshaping at desired harmonic orders, it is necessary to take system delay and feedback loop gains into consideration [150] . It is worth to note that the PCC voltages feed-forward based harmonic control strategies, which are in parallel to the current feedback loops, can also be variations of HCM. Therefore, the two methods have similar performance and design approaches.
Besides the control methods, the sampling method can also affect the harmonic control performance in lowswitching IFCs. The widely applied regular sampling method limits the control sampling rate to be the same (symmetrical regular sampling) or twice (asymmetrical regular sampling) of the switching frequency. When the switching frequency is low (< 3kHz), e.g. in high-power grid-interfacing converters, the control sampling rate will be insufficient to accurately extract the harmonics. Also, the computation delay brought by the low-sampling rate will cause stability concerns. Therefore, new sampling methods should be used. In the following, three different sampling methods are provided, which are compared with the asymmetrical regular sampling method in Fig. 18 :
• Real-time computation method [151] , [152] : The realtime computation method is shown in Fig. 18(b) . Compared to the regular sampling method shown in Fig. 18(a) , the sampling pulse is shifted forward for control computation. As a result, the modulation reference is generated by the newest available sampling results. The modulation reference is thus formed by realtime computation result. This way, the system delay is reduced while the harmonic sampling rate is still the same.
• Multi-rate sampling method [150] : The multi-rate method samples the control variables N times (N is an integer, N > 2) of the PWM frequency (f s ) while the modulation reference is regularly sampled, as shown in Fig. 18(c) . There are multiple sampling pulses in one PWM period. The system delay is thus reduced, and the sampling rate of harmonics is increased. In addition, the controller and the PWM are operated at different frequencies.
• Digital natural sampling method [153] : In digital natural sampling method, both the control sampling and PWM sampling are operated in high frequency, which is N times of the PWM frequency. As shown in Fig. 18(d) , multiple sampling pulses are generated per PWM period, and the modulation reference will be updated with the same rate. Compared to the multirate sampling method, the PWM sampling rate is also increased. However, as modulation reference will be continuously updated, this sampling method may lead to multiple switching in one PWM period when the modulation reference has a similar slope with carriers, which is possible in harmonic control. The two different feed-forward based harmonic control methods, current feed forward (CFF) method and voltage feed forward (VFF) method, are depicted in Fig. 19 [150] . In these two methods, the harmonic control signals are directly fed into the modulation references. Without cascaded multiple loop structure, the dynamics can be improved for low switching frequency converters. When the CFF path is added, the harmonic control gain plays the role of a virtual impedance in parallel with the original IFC's impedance. On the contrary, the VFF paths do not have physical meanings, while the output impedance can be reshaped by the feed-forward gain. To address the challenges brought by low switching frequency, the multi-rate sampling method is applied. The sampling rate is set to be 20KHz and the switching frequency is 2KHz.
Control Example of Low-Switching IFCs for Harmonic Compensation with Feed-Forward Strategy and Multi-rate Sampling
The control system performances are shown in Fig. 20 . From the results, both methods (CFF and VFF) can effectively compensate for the distorted PCC voltage. By absorbing harmonics into the IFC, the PCC voltage becomes sinusoidal. However, the VFF method suffers from oscillations when the harmonic compensation is enabled, indicating the system becomes underdamped. On the contrary, the CFF, which is equivalent to adding paralleled impedances, shows smooth transient. It can be concluded that the CFF method is better in terms of stability.
C. CONTROL OF IFCS FOR HARMONIC COMPENSATION IN DC SUBGRID
In the hybrid AC-DC microgrids, the AC and DC subgrids have harmonic interactions due to the frequency coupling. The AC-side harmonics will be transferred to the DC side while the DC side ripple and harmonics will be transferred to the AC side through the IFC's PWM process [154] - [156] . In Fig. 21 , the harmonic interaction between AC and DC subgrids are shown. The DC subgrids harmonics, particularly the low-order harmonics, are mainly introduced by the AC-side harmonics or unbalanced three-phase AC voltage. Also, the DC harmonics can be produced by DC-DC converters' control in the DC side such as maximum power point tracking control of PV systems [157] , [158] , or LC oscillation due to parasitic DC line impedance [159] .
In the DC subgrid, since the DC-bus capacitors are usually large enough to ensure the reliable operation of DC subgrid under normal condition, high-frequency voltage ripples can be easily filtered. Alternatively, the high-frequency harmonics can be easily filtered by tuned filters. For low-order harmonics, usually caused by AC subgrid, large capacitors or active power filters are required to mitigate harmonics. In practice, the 2 nd order harmonic caused by the unbalanced AC voltage is the most important harmonic component to be addressed. Also, the 6 th order harmonic may be observed due to the AC side 5 th and 7 th harmonics.
Similarly to the AC subgrid harmonics compensation, the interfacing converters provide a cost-effective option for the DC-subgrid harmonics compensation. In general, there are two control options: • Harmonics compensation using DC-AC interfacing converters: The compensating 2 nd order DC ripples usually leads to third-order harmonics in the AC side [66] , [156] , when the IFC exposes to unbalanced AC voltages and the control strategy has not been properly designed. Also, the methods focusing on improving the AC current quality under DC ripples while leaving the DC ripple unattenuated, such as directing the DC ripples to modulation references [160] , are not applicable as well. Therefore, the major challenge is to simultaneously eliminate the 2 nd -order DC voltage ripples while reducing 3 rd -order harmonics at the AC side. Since the DC 2 nd order ripples are usually caused by the unbalanced AC voltage, the current positive and negative sequence components can be controlled, which are widely used for unbalanced control [66] , [161] , [162] . These methods can reduce/mitigate active power oscillation (leads to reduce/mitigate 2 nd order ripples at the DC side) and ensure AC current quality (for instance, see Section IV. A). As another alternative, the DC-AC IFCs can be paralleled to mitigate the 2 nd -order harmonics in the DC side (active power oscillation cancellation in the AC side) according to their power rating. This way, the AC side current quality will not violate the grid codes if the DC ripple mitigation efforts are properly shared, which ensures the AC output quality [79] - [81] .
• Harmonics compensation using DC-DC interfacing converters: In the hybrid AC-DC microgrids, harmonics on the DC side can be directly compensated by the DC-DC interfacing converters. The DC-DC IFCs, which can be named as DC-APFs in this condition, can compensate the low-frequency harmonics caused by both the AC-side and DC-side components. These converters provide a low impedance path for the harmonics (usually virtual resistor proportional to the power rating), directing the common DC link ripples and power/current oscillations to their own DC buses. Energy storage components, which can be capacitors, super-capacitors, batteries, etc., are required to absorb such oscillations. Moreover, to properly act as DC-APFs, it is required to use bidirectional DC/DC (BDC) converters, such as non-isolated half-bridge BDC [163] and isolated Dual Active Bridge (DAB) converter [159] , [164] . In the hybrid AC-DC microgrid, distributed DC-APFs can be coordinated to share the harmonic compensation [164] .
Control Strategy Example of DC-DC IFCs for Harmonics Compensation in DC Subgrid
In Fig. 22 , an example of DC-subgrid harmonic compensation by two DC-APFs with different power ratings is provided. In the control strategy, the DC-APF capacitor voltage control and virtual resistor-based harmonic control are paralleled. The capacitor voltage control loop can ensure FIGURE 24. THD at each node under different compensation priority scheme [93] .
the proper operation of the DC-APF, maintaining the average voltage on its low-voltage side capacitor. The compensation efforts are predefined according to the power rating of the DC-APFs. By sensing the voltage ripple on the DC bus, the DC APFs can control its input current to compensate the ripple. As a result, the 2 nd order ripples are effectively mitigated. Also, thanks to the virtual resistor control, the ripple power is shared by the paralleled DC-APFs. As seen from the results in Fig. 23 , the DC link oscillation is shared between the two DC-APFs with the ratio of 1:2, which is proportional to their power ratings. Also, the DC-APFs capacitor voltages are kept stable.
D. COORDINATED CONTROL OF MULTIPLE IFCS FOR HARMONICS COMPENSATION
In the hybrid AC-DC microgrids, the IFCs can be distributed throughout the system, requiring to collaborate control for the harmonic compensation. In detail, the harmonic compensation can be shared among the IFCs of the AC subgrid or DC subgrid based on their available rating, compensation priority, etc. In general, coordinate harmonic control strategies can be classified as:
• Autonomous harmonic control:The autonomous control enables the IFCs to collaboratively compensate harmonics without relying on communications. Similar to power-sharing control, the harmonic sharing can be achieved by adopting droop control (where the harmonic compensation efforts can be automatically determined by the harmonic droop gain proportional to the power ratings [165] , [166] ), by shaping the IFC output impedance [92] , [131] , [167] - [170] , etc. However, similar to the reactive power sharing, the harmonic sharing can also be affected by the mismatched feeder impedance in the weak microgrid and differences in dynamic performance of converters, requiring some supervisory control to correct the sharing errors.
• Supervisory harmonic control: The supervisory harmonic control is usually realized in a centralized harmonic controller (see Fig. 3 ), which distributes the harmonic compensation reference signals to the distributed IFCs with communication links [133] , [171] . Thus, the harmonic compensation efforts can be further optimized rather than simply determined by the IFCs power ratings. For example, in [93] , modal analysis is used to provide priority factors for the IFCs in the AC microgrid considering the IFCs' power ratings and critical nodes of the system to compensate harmonics. This method provides a high-quality AC voltage at the lowest cost. The results of this example are shown in Fig. 24 . In this simulation, the AC-coupled microgrid with 11 nodes, which contains the IFCs in each node, is used. As expected, when the harmonic compensation efforts are coordinated by given different priorities, the THD is lower than the case when all the IFCs do the harmonic compensation with the same priority.
In Table 2 , a summary of all discussed control strategies of IFCs for harmonic compensation in Section V and their advantages and shortcoming are summarized.
VI. SUMMARY AND CONCLUSIONS
This paper has reviewed power quality control of the smart hybrid AC/DC microgrids with comprehensive discussions on the real-world microgrids' power quality issues. The primary and supervisory control strategies of the smart interfacing power converters in the hybrid AC/DC microgrids have been thoroughly reviewed to integrate power quality compensation. Also, coordination of the multiple interfacing power converters for the power quality control has been addressed in detail. In this paper, implementation examples of representative control schemes have been presented to better illustrate the power quality compensation by using the interfacing power converters.
Considering new policies and markets, revisions of standards and grid codes, modifications of communication protocols, and evolving control technique, the ancillary function of smart interfacing power converters to control the power quality are promoting. They can also further improve the system cost-effectiveness and are more effective than centralized compensation due to the distributed loads. It is expected that in the future, the IFCs in both DC and AC subgrids (singlephase and three-phase IFCs) will collaborate to compensate the unbalance condition in three-phase AC subgrid as well as control the voltage variations in DC subgrid at the same time. Also, it is expected that the IFCs will help to compensate the voltage harmonics instead of simply rejecting current harmonics and producing sinusoidal currents. Meanwhile, a new sampling scheme and corresponding multi-rate control will make it possible to compensate harmonic with low switching converters. Thus, the harmonic control will be widely performed by converters with different power rating, switching frequency, and filter design. The coordination of harmonic sharing and system level optimization will be also a promising idea.
